Introduction {#section1-1073274820904694}
============

Gastric cancer is one of the most common malignant tumors worldwide, particularly in China and other Asian countries.^[@bibr1-1073274820904694]^ For resectable tumors, the most effective treatment is surgery with chemotherapy in neoadjuvant or adjuvant setting, and several chemotherapeutic drugs, such as adriamycin (ADR), vincristine (VCR), and cisplatin (CDDP), were proven to be effective in gastric cancer therapy of some patients.^[@bibr2-1073274820904694][@bibr3-1073274820904694]-[@bibr4-1073274820904694]^ However, the majority of patients fail to achieve the ideal initial response and/or develop resistance to chemotherapy.^[@bibr5-1073274820904694]^ Multidrug resistance (MDR) significantly restricts the clinical efficacy of gastric cancer chemotherapy, and it is critical to understand the mechanism underlying MDR.^[@bibr6-1073274820904694][@bibr7-1073274820904694][@bibr8-1073274820904694]-[@bibr9-1073274820904694]^

Long noncoding RNAs (lncRNAs) are RNA polymerase II transcripts that are longer than 200 nucleotides and lack an open reading frame. There are more than 10 000 different lncRNAs that are thought to play crucial roles in the development of human diseases, including cancer.^[@bibr10-1073274820904694],[@bibr11-1073274820904694]^ Various lncRNAs, such as MACC1-AS1,^[@bibr12-1073274820904694]^ SFTA1P,^[@bibr13-1073274820904694]^ UCA1,^[@bibr14-1073274820904694]^ CASC15,^[@bibr15-1073274820904694]^ HOTTIP,^[@bibr16-1073274820904694]^ and DANCR,^[@bibr17-1073274820904694]^ were reported to be dysregulated in gastric cancer. The lncRNA regulator of reprogramming (ROR) was first identified in induced pluripotent stem cells (iPSCs).^[@bibr18-1073274820904694]^ Regulator of reprogramming is highly expressed in self-renewing human embryonic stem cells, iPSCs, and many types of cancer cells, including gastric cancer cells,^[@bibr19-1073274820904694]^ breast cancer cells,^[@bibr20-1073274820904694]^ hepatocellular carcinoma cells,^[@bibr21-1073274820904694]^ and pancreatic cancer cells.^[@bibr22-1073274820904694]^ In our previous study,^[@bibr19-1073274820904694]^ we used fluorescence-activated cell sorting to isolate gastric cancer stem cells from MKN-45 gastric cancer cells and demonstrated that ROR was highly expressed in CD133^+^ gastric cancer stem cells. Regulator of reprogramming increased the expression of several key stemness-promoting transcriptional factors, such as OCT4, SOX2, and NANOG, as well as expression of CD133 in gastric cancer stem cells. In addition, overexpression of ROR significantly increased the proliferation and invasion of gastric cancer stem cells, whereas knockdown of ROR inhibited the proliferation and invasion of these cells. These results revealed a critical role of ROR in the pluripotent state of gastric cancer stem cells. However, the role of ROR in gastric cancer cells MDR remains elusive.

In this report, we demonstrate that ROR expression is increased in gastric cancer cells resistant to the treatment with ADR and VCR. Depletion of ROR reduced multidrug resistance-associated protein 1 (MRP1) expression and increased apoptosis of drug-resistant gastric cancer in response to ADR and VCR treatment. In addition, we demonstrated that ROR expression levels are positively associated with increased MDR and poor prognosis of patients with gastric cancer.

Materials and Methods {#section2-1073274820904694}
=====================

Human Gastric Cancer Tissues Collection {#section3-1073274820904694}
---------------------------------------

Tumors from 63 patients with gastric cancer with pathological information were obtained after surgery during 2014 to 2016 at the Affiliated Hospital of Qingdao University. All patients had locally advanced gastric cancer. XELOX (capecitabine plus oxaliplatin) was used as neoadjuvant chemotherapy for 2 to 4 cycles. Thirty-six patients' diseases progressed, whereas the remaining 27 patients did not exhibit disease progression after the neoadjuvant chemotherapy. The clinicopathological features are listed in [Table 1](#table1-1073274820904694){ref-type="table"}. All patients received open D2 radical gastrectomy 15 to 20 days after the completion of the neoadjuvant chemotherapy and their tumor specimens were examined by real-time polymerase chain reaction (RT-PCR) analyses. The resected gastric cancer tissues were fixed in formalin and embedded in paraffin for pathological diagnosis or snap-frozen immediately in liquid nitrogen for RNA extraction. The protocol was approved by the Affiliated Hospital of Qingdao University.

###### 

The Clinical Parameters of Patients With Gastric Cancer.

![](10.1177_1073274820904694-table1)

  Variable            Nonrefractory (n = 27)   Refractory (n = 36)   *P*
  ------------------- ------------------------ --------------------- -------
  Age                 58.63 ± 4.98             55.95 ± 6.84          .896
   ≥60 years          17                       21                    .798
   \<60 years         10                       15                    
  Sex                                                                .450
   Male               15                       16                    
   Female             12                       20                    
  Tumor size                                                         .801
   ≥5cm               13                       19                    
   \<5cm              14                       17                    
  Location                                                           .798
   Upper one-third    7                        11                    
   Middle one-third   8                        12                    
   Lower one-third    12                       13                    
  TNM stage                                                          1.000
   I + II             5                        10                    
   III + IV           12                       26                    

Cell Lines and Culture {#section4-1073274820904694}
----------------------

SGC-7901 human gastric cancer cells were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). SGC-7901 cells were cultured in RPMI-1640 medium supplemented with 10% of fetal bovine serum (Gibco, Invitrogen, Paisley, UK), 100 U/mL of penicillin, and 100 mg/mL of streptomycin and were grown at 37°C in a humidified incubator with 5% CO~2~. Both ADR and VCR were obtained from Sigma-Aldrich (St Louis, Missouri). The drug-resistant SGC-7901/ADR and SGC-7901/VCR gastric cancer cells were obtained by increasing drug dosages gradually according to previous studies.^[@bibr23-1073274820904694][@bibr24-1073274820904694]-[@bibr25-1073274820904694]^ To maintain the drug-resistant cell phenotype, ADR and VCR were added to a final concentration of 0.5 and 1 mg/mL, respectively.

Real-Time Polymerase Chain Reaction Analysis {#section5-1073274820904694}
--------------------------------------------

Cells were harvested in TRIzol reagent (Life Technologies, Invitrogen, Carlsbad, California), and the RNA was extracted. The RT-PCR analyses were conducted by following the manufacturer's instructions, as described in a previous study.^[@bibr19-1073274820904694]^ The primers used for the PCR were listed as follows^[@bibr26-1073274820904694]^: *ROR*, forward, 5′-CTTGATGGCATTGTCGCTAA-3′; reverse, 5′-TCCAGTGGCTGTGCTAGATG-3′; glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*), forward, 5′-TGTTCGTCATGGGTGTGAAC-3′; reverse 5′-ATGGCATGGACTGTGGTCAT-3′.

Lentivirus Infection {#section6-1073274820904694}
--------------------

The lentivirus expressing ROR shRNA (shRNA-ROR) and control shRNA (shRNA-CON) were synthesized from Ribo Company (Guangzhou, China). The primer sequences of shRNA-ROR and shRNA-CON were similar to the previous study.^[@bibr27-1073274820904694]^ Cells were infected with lentivirus in the enhanced infection solution supplemented with polybrene, according to the manufacturer's instructions. These cells were then selected with puromycin (Sigma-Aldrich) for 3 weeks to obtain stable cell lines.^[@bibr28-1073274820904694]^

Western Blot Analysis {#section7-1073274820904694}
---------------------

Proteins were extracted from cultured cells using RIPA buffer (Beyotime, Haimen, China) supplemented with protease inhibitor cocktail (Roche, Basel, Switzerland), and Western blot analysis was performed as described previously.^[@bibr29-1073274820904694]^ Glyceraldehyde 3-phosphate dehydrogenase was used as an internal control, and MRP1 (ab230948; Abcam, Cambridge, United Kingdom) and GAPDH (ab181602; Abcam) were used as primary antibodies. Moreover, goat antirabbit Alexa Fluor® 405 (IgG H&L) (horseradish peroxidase, ab6721; Abcam) was used as the secondary antibody.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)Analysis {#section8-1073274820904694}
--------------------------------------------------------------------------

Cells were seeded at a density of 5 × 10^3^cells/well into 96-well culture plate and maintained overnight. Then cells were treated by different concentrations of ADR or VCR for 48 hours. Following treatment, 20 μL of MTT solution (5 mg/mL in phosphate-buffered saline \[PBS\]) was added to each well and the plates were incubated for 4 hours at 37°C. At the end of incubation, the supernatants were aspirated and 150 μL of dimethyl sulfoxide was added into each well for dissolving the formazan crystals. Absorbance at 570 nm was measured using a Bio-Rad microplate reader (Hercules, California). Each assay was performed in triplicate with 3 independent replicates.

Flow Cytometry Analysis {#section9-1073274820904694}
-----------------------

Apoptosis was determined using an Annexin V apoptosis kit (Biosea Biotech, Beijing, China), according to the manufacturer's instructions. In brief, cells (1 × 10^5^) treated by 1 mg/mL ADR or 2 mg/mL VCR for 48 hours were washed twice with ice-cold PBS and resuspended in binding buffer. Cell pellets were collected and incubated with 5 μL Annexin V-fluorescein isothiocyanate (FITC) and 1 μL of propidium iodide (PI) in dark. The cells were analyzed by an FACS Caliber instrument (BD Biosciences, San Jose, CA, United States). The data of flow cytometry were analyzed with FlowJ software. Three independent experiments were conducted simultaneously.

Statistical Analysis and Reproducibility {#section10-1073274820904694}
----------------------------------------

The mean values obtained for the control and experimental groups were analyzed for significant differences. Pair-wise comparisons were performed using a 2-tailed Student *t* test. *P* values less than .05 were considered significant.

Results {#section11-1073274820904694}
=======

Expression Levels of ROR Are Positively Associated With Increased MDR and Poor Prognosis of Patients With Gastric Cancer {#section12-1073274820904694}
------------------------------------------------------------------------------------------------------------------------

A total of 63 patients with locally advanced gastric cancer were examined. XELOX (capecitabine plus oxaliplatin) was used as neoadjuvant chemotherapy for 2 to 4 cycles. Thirty-six patients' diseases progressed, whereas the remaining 27 patients did not exhibit disease progression after the neoadjuvant chemotherapy. All patients received open D2 radical gastrectomy 15 to 20 days after the completion of the neoadjuvant chemotherapy and their tumor specimens were examined by RT-PCR analyses. We found that refractory patient tumor specimens after chemotherapy exhibited a significant increase in messenger RNA (mRNA) levels of ROR ([Figure 1A](#fig1-1073274820904694){ref-type="fig"}). Patients with gastric cancer were classified as low expression group when ROR expression was lower than mean ROR level in all patients. Kaplan-Meier survival curve analyses showed that the overall survival period of the patients with gastric cancer with high ROR expression (n = 33) were substantially decreased compared with that of the patients with gastric cancer with low ROR expression (n = 30; [Figure 1B](#fig1-1073274820904694){ref-type="fig"}). These results suggested that ROR expression levels are positively associated with increased MDR and poor prognosis of patients with gastric cancer.

![Expression levels of ROR are positively associated with increased MDR and poor prognosis of patients with gastric cancer. A, The expression of ROR was compared by real-time PCR analyses of the tumor specimens from patients with refractory gastric cancer after chemotherapy (n = 36) and patients with nonrefractory gastric cancer (n = 27), *P* = .0069. B, Kaplan-Meier survival curves stratified a total of 63 gastric cancer patients according to ROR expression. *P* = .026 between low ROR (n = 33) and high ROR (n = 30) groups. MDR indicates multidrug resistance; PCR, polymerase chain reaction; ROR, regulator of reprogramming.](10.1177_1073274820904694-fig1){#fig1-1073274820904694}

Depletion of ROR Reduces the MRP1 Expression in Gastric Cancer Cells {#section13-1073274820904694}
--------------------------------------------------------------------

Multidrug resistance-associated protein 1 is critical for MDR of cancer cells.^[@bibr30-1073274820904694]^ To determine the role of ROR in MRP1 expression, we treated SGC-7901 human gastric cancer cells with ADR and/or VCR and generated drug-resistant cells: SGC-7901/ADR, SGC-7901/VCR, and SGC-7SGC901/ADR + VCR, which were resistant to ADR, VCR, and combined ADR and VCR treatment, respectively. We found that the mRNA ([Figure 2A](#fig2-1073274820904694){ref-type="fig"}) and protein ([Figure 2B](#fig2-1073274820904694){ref-type="fig"}) levels of MRP1 were significantly increased in these drug-resistant gastric cancer cells compared with their parental cells.

![The expression of ROR was upregulated in gastric cancer MDR cells. A, The ROR mRNA expression in SGC7901, SGC7901/ADR, SGC7901/VCR, and SGC7901/ADR + VCR cells was determined by real-time PCR. \**P* \< .05. B, Protein expression of MRP1 in SGC7901, SGC7901/ADR, SGC7901/VCR, and SGC7901/ADR + VCR cells was determined by immunoblotting analyses with the indicated antibodies. ADR indicates adriamycin; MDR, multidrug resistance; mRNA, messenger RNA; MRP1, multidrug resistance-associated protein 1; PCR, polymerase chain reaction; ROR, regulator of reprogramming; VCR, vincristine.](10.1177_1073274820904694-fig2){#fig2-1073274820904694}

We next depleted ROR expression by expressing its shRNA. Real-time PCR analyses revealed that the shRNA expression reduced mRNA levels of ROR in SGC-7901, SGC-7901/ADR, SGC-7901/VCR, and SGC-7SGC901/ADR + VCR cells ([Figure 3A](#fig3-1073274820904694){ref-type="fig"}). Regulator of reprogramming depletion reduced the expression of MRP1 in these cells, especially in drug-resistant cells ([Figure 3B](#fig3-1073274820904694){ref-type="fig"}). These results indicated that ROR regulates MRP1 expression in gastric cancer cells.

![The ROR depletion inhibits the MRP expression in gastric cancer MDR cells. A, The ROR mRNA expression in SGC7901, SGC7901/ADR, SGC7901/VCR, and SGC7901/ADR + VCR cells with or without ROR shRNA expression was determined by real-time PCR. \**P* \< .05. shCON, a control shRNA. shROR, ROR shRNA. B, The MRP1 expression in SGC7901, SGC7901/ADR, SGC7901/VCR, and SGC7901/ADR + VCR cells with or without shROR expression was determined by immunoblotting analyses with the indicated antibodies. ADR indicates adriamycin; MDR, multidrug resistance; mRNA, messenger RNA; MRP1, multidrug resistance-associated protein 1; PCR, polymerase chain reaction; ROR, regulator of reprogramming; shRNA, short hairpin RNA; VCR, vincristine.](10.1177_1073274820904694-fig3){#fig3-1073274820904694}

Depletion of ROR Reduces MDR in Gastric Cancer Cells {#section14-1073274820904694}
----------------------------------------------------

To determine the role of ROR in MDR in gastric cancer cells, we treated SGC-7901/ADR, SGC-7901/VCR, and SGC-7SGC901/ADR + VCR cells, which expressed a control shRNA or ROR shRNA, with different dosages of ADR or VCR for 24 hours. Compared to the cells expressing control shRNA, ROR shRNA expression greatly sensitized SGC-7901/ADR and SGC-7SGC901/ADR + VCR cells to ADR treatment and SGC-7901/VCR and SGC-7SGC901/ADR + VCR cells to VCT treatment and reduced cell survival rates of these cells, as determined by MTT assay ([Figure 4](#fig4-1073274820904694){ref-type="fig"}). Similar results were also obtained by an apoptosis assay using Annexin V-FITC/PI staining followed by flow cytometry analyses ([Figure 5](#fig5-1073274820904694){ref-type="fig"}). These results indicated that ROR expression promotes the resistance of gastric cancer cells to chemotherapeutic agents.

![The ROR depletion reduces MDR of gastric cancer cells. Cell survival rates of SGC7901, SGC7901/ADR, SGC7901/VCR, and SGC7901/ADR + VCR cells with or without shROR expression in the presence of the indicated dosages of ADR or VCR were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. ADR indicates adriamycin; MDR, multidrug resistance; ROR, regulator of reprogramming; shROR, ROR short hairpin RNA; VCR, vincristine.](10.1177_1073274820904694-fig4){#fig4-1073274820904694}

![The ROR depletion induces apoptosis of gastric cancer MDR cells. Cell apoptosis rates of SGC7901, SGC7901/ADR, SGC7901/VCR, and SGC7901/ADR + VCR cells with or without shROR expression in the presence of the ADR (1 mg/mL) or VCR (2 mg/mL) for 48 hours were determined. ADR indicates adriamycin; MDR, multidrug resistance; ROR, regulator of reprogramming; shROR, ROR short hairpin RNA; VCR, vincristine.](10.1177_1073274820904694-fig5){#fig5-1073274820904694}

Discussion {#section15-1073274820904694}
==========

Gastric cancer is one of the most common malignant tumors.^[@bibr31-1073274820904694]^ Chemotherapy is still a major treatment option for advanced gastric cancer. However, chemotherapy often inevitably induced MDR of gastric cancer.^[@bibr32-1073274820904694]^ Although intensive studies on the progression of MDR in gastric cancer have been conducted,^[@bibr33-1073274820904694]^ the exact mechanism underlying MDR occurrence remains unclear. Previous reports showed that lncRNAs play important roles in tumor development,^[@bibr34-1073274820904694]^ and we previously found that lncRNA ROR was highly expressed in gastric cancer stem cells and demonstrated that abnormally high expression of ROR promoted proliferation and invasion of gastric cancer stem cells.^[@bibr19-1073274820904694]^ In the breast cancer cells, Chen and colleagues have found that overexpression of ROR presented decreased sensibility of 5-fluorouracil (5-FU) and paclitaxel with decreased E-cadherin expression and increased vimentin, N-cadherin expression, and invasion ability, which suggested that ROR is an important marker for MDR of breast cancer, and its upregulation is important for chemotherapy tolerance and invasion of breast cancer.^[@bibr35-1073274820904694]^ Shi et al also indicated that silencing ROR could improve the sensitivity of non-small cell lung cancer to CDDP resistance by inhibiting PI3K/Akt/mTOR signaling pathway.^[@bibr36-1073274820904694]^ In addition, ROR was proved to be closely related to diabetes drug resistance in various kinds of cancers, such as pancreatic cancer,^[@bibr37-1073274820904694]^ colorectal cancer,^[@bibr38-1073274820904694]^ and osteosarcoma.^[@bibr26-1073274820904694]^ However, whether ROR was closely related to drug resistance in gastric cancer remained unknown.

In the present study, we revealed a novel function of ROR in gastric cancer MDR. We demonstrated that high level of ROR is a poor prognostic factor for patients with gastric cancer. In addition, ROR expression regulates MRP1 expression in gastric cancer cells. Regulator of reprogramming depletion inhibited the cell proliferation and reduced the resistance of gastric cancer cells to ADR and VCR treatment. Thus, our finding elucidated an important mechanism underlying MDR in gastric cancer and highlighted the potential of targeting ROR to improve the efficacy of chemotherapeutic treatment.
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